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Abstract    
In this work, we report experimental and computational evidences for the intercalation into the DNA 
base pairs of the free quinones Quinizarin (Q), Naphthazain (N) and the interstrad covalent binding 
of their p-cymene di-Ruthenium(II) complexes (Cl2Ru2X, with X = N, Q bridging ligands).  The 
intercalation extent for the N complex was larger than for Q, in good agreement with higher relative 
contour length and melting temperature for the same CX/CDNA ratio and with the computacional 
mean stacking distances between the ligand and the nearest base-pair (3.34Å and 3.19Å) for N and 
Q, respectively. However, the apparent binding constant of Q/DNA, two orders higher than that of 
N/DNA, denotes that the thermal stability of X/DNA complex is more related to the degree of 
intercalation than to the  binding constants magnitude. Cl2Ru2X complexes undergo aquation, 
forming the aqua-derivatives [(H2O)2Ru2X]2+. These can further bind covalently to DNA via 
interstrand crosslinking, through both Ru centres and two N7 sites of consecutive Guanines, to give 
(DNA1,2)Ru2X complexes, by a mechanism similar to that of cisplatin. To the best of our knowledge, 
this type of interaction with dinuclear Ru(II) complexes has not been reported hitherto. The 
experimental and computational results reveal that the number of rings of the aromatic moiety and 
the covalent binding to DNA play a key role in the behaviour of the quinones and their Ru(II) 
derivatives. The cytotoxicity of the ligands and the corresponding Ru(II) complexes was evaluated 
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in the MCF-7, A2780, A2780cis tumour cells and in the healthy cell line MRC-5. The cytotoxic 
activity was notable for the N compound and negligible for Q. The IC50 values and the resistance 
(RF) and selectivity (SF) factors show that the Cl2Ru2N complex is the most promising among the 
four studied anticancer drugs.  
1. Introduction 
Metal complexes, one of the most important type of DNA binding drugs, are widely used in 
magnetic image resonance, radiopharmacy and in arthritis, chemotherapy and ulcer therapy studies 
as well.1,2 One such type of complexes, Ru(II)-arene compounds,3 have attracted growing attention 
in anticancer research4–7 due to their lower toxicity than cisplatin [Pt(NH3)2Cl2]. The arene group 
does stabilize the oxidation state of Ru(II) complexes,8 providing a lipophilic moiety that favours 
the transport through cell membranes. Recently, we have reported the anticancer properties of 
several Ru(II) half-sandwich complexes and the mechanism of action of the most active derivatives, 
9–13
 and for the first time the interaction of DNA with dinuclear Ru(II) complexes is studied by our 
group, both experimental and theoretically. 
In this work, we address the DNA binding mode of Naphthazarin (5,8-dihydroxy 1,4-
naphthoquinone), Quinizarin (1,4-Dihydroxyanthraquinone) (Figs. 1A and 1B) and the dinuclear 
Ru(II) counterparts, Cl2Ru2N and Cl2Ru2Q,  
Fig. 1C and 1D. Both Ru (II) complexes have also been studied with deoxyguanosine 
monophosphate, dGMP. The bicyclic naphthoquinone dye Naphthazarin is known to promote 
reactive oxygen species (ROS) due to its ability to yield semiquinones.14,15 The cytotoxic activity16 
and the ability to inhibit Topoisomerase I has been proven with this family of compounds;17 the 
scavenging activity of Naphthazarin against oxidation of DMSO has been demonstrated.18 This dye 
is cytotoxic in human gastric cancer cells, diminishing cell viability less than 90% at 5ȝM.19  
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Anthraquinones are anthracene anti-tumour derivatives20 with inhibitory action on 
Topoisomerase II.21 These compounds have attracted attention due to the ease to add side-chains to 
the anthraquinone moiety, thus altering their affinity with DNA double helix22 and G-
Quadruplexes.23 Anthraquinones exhibit antiproliferative and antimetastatic activity in melanoma 
cells.24 Quinizarin is prone to one- or two-electron reduction,25–27 reacting with molecular oxygen 
and superoxide anions to yield ROS,28 an effect that could induce DNA oxidative damage. 
Moreover, viscosity measurements have revealed the intercalative nature of the interaction of 
ctDNA with Quinizarin,29 which can in turn unwind negatively supercoiled DNA,30 thus rendering 
a well-known DNA intercalator as are daunorubicin and doxorubicin.31 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Molecular structure of (A) Naphthazarin, (B) Quinizarin, (C) Cl2Ru2N and (D) Cl2Ru2Q.   
 
Dinuclear Ru(II) compounds have attracted attention due to their cytotoxic32 and 
photochemical potential.33 In this work, dinuclear Ru(II) complexes, [(6-p-cymene)2Ru2(-
OO∩OO)(Cl)2] (Cl2Ru2X, with (OO∩OO) the N or Q bridging ligand), have been synthesized from 
Naphthazarin and Quinizarin (Cl2Ru2N and Cl2Ru2Q, respectively). Dinuclear Ru(II)-arene 
complexes, with two binding sites, normally present higher affinity with DNA than the mononuclear 
C D 
B A 
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complexes,34 and can modify the DNA mode of binding more drastically than the corresponding 
mononuclear complexes.35 Previous studies have shown the ability of mononuclear36,37 and 
dinuclear38,39 Ru(II) complexes to bind DNA via noncovalent binding through the organic moities 
or bridging ligands respectively, and to induce stabilization over G-Quadruplex sequences40 in the 
same way mononuclear complexes do41 but, to the best of our knowledge, interstrand covalent 
interactions between DNA and dinuclear Ru(II) complexes have not been reported before. This work 
reports the ability of of Cl2Ru2N and Cl2Ru2Q complexes to establish covalent binding and the 
influence of the bridging ligand upon interaction with DNA and their citotoxyc activity compared 
with the N and Q ligands. 
2. Materials and methods 
2.1. Materials  
ctDNA was purchased from Sigma Aldrich. Solutions of ctDNA were prepared by dissolving 
ctDNA in water and sonicated by applying to suitable DNA samples (10 mL ctDNA, 3×10−3 M) 20 
cycles of 10 s with 20s pause between cycles, at λ8 ȝm amplitude using a MSE-Sonyprep sonicator. 
The sonicator tip was introduced directly into the solution, kept in an ice bath to minimize thermal 
sonication effects. To keep the integrity of ctDNA, the percentage of DMSO was kept below 5% in 
all experiments. Naphthazarin and Quinizarin were purchased from Sigma Aldrich and Acros 
Organics, and dissolved in DMSO without further purification. The polynucleotide is denoted as P 
and the dye as D, CP and CD being their respective concentrations.  
2.2. Spectrophotometric measurements 
Spectrophotometric measurements were performed with a Hewlett-Packard 8453A (Agilent 
Technologies, Palo Alto, CA) photodiode array spectrophotometer, with a Peltier temperature 
control system. Titrations were carried out by adding increasing amounts of polynucleotide 
solutions to the dye solution in the cell. The sample was not illuminated during the equilibration 
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period. Titrations were performed at 25ºC and analyzed at Ȝ = 517nm and 489nm for Naphthazarin 
and Quinizarin, respectively. The data were corrected by dilution (C0D/CD). The binding constants 
for the N/ctDNA and Q/ctDNA systems were evaluated applying eqn 1,  
][1
][
PK
PK
C
A
D     (1) 
where ΔA is the change in absorbance, Δԑ the absorptivity change, K is the binding constant, CD the 
analytical concentration of the ligand and [P] is the ctDNA equilibrium concentration. 
2.3. Thermal denaturation study 
Thermal denaturation studies were performed with a nano DSC (Differential Scanning Calorimetry) 
instrument (TA, Newcastle, USA). Cells were 300ȝL platinum capillary tubes. Measurements were 
performed heating the dye/polynucleotide system from 20 to 110°C, at 1°C/min scan rate and 3 atm 
pressure. 
2.4. Circular dichroism measurements 
Circular dichroism (CD) measurements were performed with a MOS-450 Biological 
spectrophotometer (Bio-Logic SAS, Claix, France), fitted out with 1.0 cm path-length cells. 
Titrations were carried out at 25°C by adding increasing amounts of the dye to the polynucleotide 
solution. Spectrograms were recorded in the 200–800 nm range at 2 nm/s speed. Molar ellipticity 
(Deg·MBP-1·cm-1) was calculated using lCP·/100][   , where CP is the polynucleotide 
concentration  expressed as base-pair molarity (MBP) and l is the cell light path (cm).   
2.5. Viscosity measurements 
Viscosity measurements were performed using a Micro-Ubbelohde viscometer whose temperature 
was controlled by an external thermostat (25 ± 0.01 °C). The viscosity data were analyzed 
calculating the η/η0 relative viscosity, being η/η0 = (ηPD– ηDMSO)/(ηP - ηDMSO), where ηPD, ηP and 
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ηDMSO are the viscosity of the dye/ctDNA system, DMSO/ctDNA and DMSO/buffer, respectively. 
Mean values of six replicated measurements were used to evaluate the sample viscosity, η, and that 
of DNA alone, η042. Calculation of relative viscosity has allowed us to evaluate the L/L0 relative 
contour length ratio of the dye/polynucleotide system, L, and polynucleotide alone, L0, in the form 
L/L0 = (η/η0)1/3.     
2.6. Computational simulations 
Computational in silico simulations were performed with Gaussian 09 for Quinizarin, Naphthazarin 
and their analogous dinuclear ruthenium complexes upon DNA interaction.43 Structural 
optimization of the dyes and their Ru(II) complexes were carried out using B3LYP functional and 
6-31G(d) basis set. For Ruthenium atoms, ECP was used with double-zeta functions (LANL2DZ) 
to diminish the computational cost and account for relativistic effects. Solvent (water) was simulated 
by Polarizable Continuum Model (PCM). Dye/DNA (Ligand/DNA and Ru(II) complexes/DNA) 
interactions were studied with two different B-DNA structures: 2 base-pairs poly(G)∙poly(C) and 
poly(GC), constructed with X3DNA software.44 Final Ru(II) complex/DNA structures were 
obtained following a 5-step procedure: for steps 1-4, the DNA backbone was studied via 
AMBER9445 force field potential with electronic embedding within the ONIOM approach part.46 
QM part (Ruthenium complexes, Guanines and Cytosines), were studied by enhancing theory level 
in each step: Hartree-Fock (Step 1)  B3LYP (Step 2) M06-2X (Step 3)  ωB97X-D (Step 4). 
The last two methods take into account long range interactions,47 such as base-pairs stacking 
interactions, and are expected to be more suitable for DNA adducts. In step 5, the full system was 
studied with ωB97X-D functional; 6-31G(d) (with LANL2DZ for Ru) basis set was employed for 
QM regions throughout. In order to obtain reliable structures no connectivity between the dye and 
DNA was stablished in the input, and the initial Ru-N7 distances were 4Å. Due to the considerable 
computational cost, for six base-pairs DNA, only the B3LYP functional was applied with 6-31G(d) 
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basis set for light atoms (C, H, N, Na, N, P and S) and ECP for Ru atoms with LANL2DZ basis set 
and applying AMBER94 potential for outer bases.      
DNA parameters were analyzed with X3DNA software.44 The parameters were calculated assuming 
that  the base pairs are rectangular block with a half length l = 1 and a width w = 1/3 l.48 The distance 
between consecutive base-pairs is h. Assuming that the Cartesian coordinates are constructed with 
width lying in x axis, length lying in y axis and h lying in z axis, the dye/DNA interaction was 
analyzed in terms of three translational local base-pair step parameters, Shift, Slide and Rise, which 
represent the displacement between two consecutive base-pairs moving along x, y and z axes, 
respectively. Three local angular base-pair step parameters, Tilt, Roll and Twist,49 show the change 
in orientation of two consecutive base-pairs around x, y and z, respectively.. Graphical description 
of these parameters can be found in Fig. S1. In addition, some DNA parameters were calculated for 
the helix (taking into account all base-pairs and the resulting DNA conformation), and are labelled 
with prefix h- (h stands for helical). Block and stacking representation were generated with 
W3DNA.50 Moreover, the DNA system was increased up to 6 DNA base pairs for a more accurate 
description, treating extra bases with AMBER94. The stability of the dye/DNA system has been 
analyzed in terms of the overall energy balance with simulated aqueous solvent, ΔE, applying eqn 
2,  
ΔE = Eୡ୭୫୮୪ୣ୶ −  EDNA −  Eୢ୷ୣ (2) 
where the subscripts complex, DNA and dye, stand for the dye/DNA system, the type of free DNA  
and free dye, respectively.  
2.7. Cytotoxicity ATP Lite assay 
Cell culture A2780 and A2780cis cells were grown in RPMI 1640 medium supplemented with fetal 
bovin serum (FBS) and 2 mM L-Glutamin at 4×103 cells/well density, 37 ºC and 5% CO2. MRC-5 
and MCF-7 cells were grown in EMEM (Minimum Essential Medium Eagle) with 2mM L-Glutamin 
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and Earle’s BSS with 1.5g/L sodium bicarbonate, 0.1 mM nonessential aminoacids and 1 mM 
sodium piruvate supplemented with FBS and 0.01mg/mL bovin insulin at 1×104 density. 
Cytotoxicity was assayed by ATPLite (Perkin Elmer) with cells plated in 96-well plate. After 24h 
the drugs were added at different concentrations. After seven days, 100ȝL of the reactant were 
added; then the plate was incubated under agitation for 2 min, protected from light and the 
luminescence was read at 1000 ms (EnSpire, Perkin Elmer). Experiments were performed in 
triplicated, 4000 cells each point. The concentration/response curves were constructed, performing 
calculation of the growth inhibitory potency (IC50) by fitting the curves to eqn 3,   
ݕ = �௠��1 + ቀ��50ݔ ቁ௡ (3) 
where y is the percent growth inhibitory effect, Emax is the maximal inhibitory effect observed, IC50 
is the compound concentration inhibiting 50% growth, n is the fitting slope, and x is the drug 
concentration. Nonlinear regression was carried out by GraphPad Prism, version 2.01, 1996 
(GraphPad Software Inc.).  
 
3. Results and discussion 
[(6-p-cymene)2Ru2(-OO∩OO)(Cl)2] complexes were synthesized by procedures adapted from 
literature (Supporting Information and Fig. S2).51,52 To assess the effect on DNA of the Ru(II) metal, 
this work was split into two parts, each involving experimental and computational studies. First, we 
study the interaction of DNA with N and Q and, to a second place, we compare the behaviour of 
DNA in the presence of the dinuclear Ru(II) complexes, Cl2Ru2N and Cl2Ru2Q, relative to N or Q 
alone.  
3.1. Interaction of the Naphthazarin and Quinizarin ligands with ctDNA  
3.1.1.Experimental Study 
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The reaction between ctDNA and Naphthazarin (N) or Quinizarin (Q) can be represented by eqn 4 
 
(4) 
where P stands for polynucleotide ctDNA, D for the dyes N or Q and PD represents the 
ligand/ctDNA complex. Henceforth, CD and CP stand for the analytical ligand and ctDNA 
concentration, respectively. The binding constant, Kapp, can be obtained from absorbance titrations. 
Figures 2A and 2C show the spectra obtained for N and Q in the presence of increasing amounts of 
ctDNA. In both systems, the intensity of the maximum absorbance diminished as the ctDNA 
concentration was raised, observing 10 nm bathochromic shift of the band at Ȝ = 465 nm for the 
Q/ctDNA system. Figures 2B and 2D show the fitting of eqn 1 to the ΔA/CD versus CP equilibrium 
concentration. The Kapp values were obtained by iteration until convergence, being Kapp = (1.49 ± 
0.98)×106 M-1 for the Q/ctDNA system and (2.19 ± 0.49)×104 M-1 for N/ctDNA.  
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Fig. 2. Absorption spectra of (A) N/ctDNA and (C) Q/ctDNA systems. Binding isotherm and fitting to eqn 1 (continuous 
red line) are plotted in (B) N/ctDNA and (D) Q/ctDNA. I = 6.5 mM (NaClO4), pH = 7 and T = 25 ºC.   
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These values reveal remarkably higher affinity of the anthraquinone derivative with DNA 
compared to naphthoquinone. The binding constant for the intercalation of Q is one order of 
magnitude higher than that previously reported in 50-50 ethanol-water53 and two orders higher than 
that obtained for negative supercoiled DNA.30 
The CD data plotted in Fig. 3 show that Naphthazarin and Quinizarin induce only small 
changes in the ctDNA structure. The variation in the relative contour length (L/L0) for N/ctDNA 
and Q/ctDNA was calculated by viscosity measurements (Fig 4A). The L/L0 ratio increased as 
CD/CP was raised up to saturation at CD/CP = 0.2; this behaviour is ascribed to intercalation,54 with 
site size n = 5, i.e. one ligand unit intercalates every five base-pairs.  
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Fig. 3. CD spectra versus CD/CP ratio of (A) N/ctDNA system, C◦P = 1.4 × 10-4 M and (B) Q/ctDNA system, C◦P = 5.9 
× 10-5 M. I = 6.5 mM (NaClO4), pH = 7 and T = 25°C. 
   
The elongation is more pronounced for N/ctDNA than for Q/ctDNA; this feature will be 
explained with the computational simulation data, showing that the enlargement of the minor and 
major grooves induced by Naphthazarin are greater than those obtained for Quinizarin.  
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Fig. 4. (A) L/L0 versus CD/CP for (■) N/ctDNA and (▲)Q/ctDNA systems, C◦P = 2.3×10-4 M, T = 25°C. (B) Tm versus 
CD/CP for (■) N/ctDNA and (▲)Q/ctDNA systems, CP = 4.0 × 10-4 M. I = 6.5 mM (NaClO4) and pH = 7.  
 
The variation of the melting temperature (Tm) of ctDNA upon addition of N and Q was 
studied by DSC measurements. Fig. 4B shows the Tm versus CD/CP plot for N/ctDNA, Q/ctDNA 
and free ctDNA. As an example, the DSC curves at CD/CP = 0.2 for N/ctDNA and Q/ctDNA and 
for free DNA can be found in the Supporting Information (Fig. S3).  The results obtained indicate 
higher increase in Tm induced by N than by Q; that is, despite its lower affinity (minor Kapp), N 
induces stronger stabilization of ctDNA than Q. Due to the thermal stability induced by 
intercalation,55 the results support the larger extent of intercalation deduced for N from viscosity 
measurements. In other words, the thermal stability of DNA depends much more on the extent of 
intercalation of the ligand than on the binding constant magnitude.  
3.1.2. Computational study 
For a better understanding of the systems described above, theoretical simulations were performed 
with the dyes N and Q and G–C base-pairs containing two different polynucleotide lengths. Two 
base-pair sequences were examined initially to allow high-level calculations of dye behaviour inside 
the base pairs, and also six base-pair length for more accurate dye/DNA overall structure.  
The interaction of Naphthazarin and Quinizarin was studied with poly(GC) and 
poly(G)·poly(C). Optimized structures of N/poly(GC) and Q/poly(GC) systems are available, as 
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well as the block representations from full DFT studies (Supporting Information, Fig. S4 and Fig. 
S5). The H-bonds between Guanine and Cytosine are kept in both base pairs in the presence of N 
or Q. Occupation of the dye molecules between base-pairs promotes their separation, allowing the 
formation of stacking interactions of each ligand with the upper and lower base-pairs. Several DNA 
parameters were calculated from the optimized structures, Rise and Twist being the most appropriate 
parameters to analyse intercalation binding mode. The Rise parameter denotes that the base-pair 
separation for Naphthazarin (8.63Å) due to intercalation is slightly higher than for Quinizarin 
(8.17Å); that is, the size of Naphthazarin allows better penetration into base-pairs. Since the helix 
torsion change is almost negligible (Twist parameter), 43.20°, 43.55° and 46.62° for poly(GC), 
N/poly(GC) and Q/poly(GC), respectively, one can conclude that the structural alteration induced 
by intercalation of both ligands affects only the helix length.    
Additionally, the optimized structures from full DFT studies of N/poly(G)·poly(C) and 
Q/poly(G)·poly(C) systems, as well as their block representations were analysed and are available 
in Fig. S6 and Fig. S7 (Supporting Information). From comparison of the change in Rise values 
from free poly(G)·poly(C) (3.76 Å) to N/poly(G)·poly(C) (7.35 Å) and to Q/poly(G)·poly(C) (6.83 
Å) systems, intercalative behaviour is confirmed in both cases. As with poly(GC), Rise value 
increased noticeably due to N and Q intercalation and the distance between the base-pairs involving 
intercalation is larger for N. DNA parameters for poly(GC) and poly(G)·poly(C) base-pairs 
containing two different polynucleotide lengths are shown in Figs. S8A to Fig S8D (graphical 
representation of the DNA parameters is shown in Fig S1). As obtained for poly(GC) and according 
to experimental data, the Q/poly(G)∙poly(C) complex (-35.14 kcal/mol) is more stable than 
N/poly(G)∙poly(C) (-13.67 kcal/mol).     
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Fig. 5. Six base-pair dye/poly(GC) DFT-optimized structures, for (A) Napthazarin and (B) and Quinizarin. 
 
Fig. 5 shows the DFT optimized structures of the intercalated complexes for interaction of 
N and Q with six base-pairs poly(GC). The ligand interaction with this DNA sequence promotes 
base-pair separation. In addition, due to stacking interactions observed for both systems, the 
conformation adopted in the intercalation site is similar for all of the ligands, parallel to upper and 
lower Guanines, presenting better π-electron system interaction than Cytosine. Therefore, 
comparison of the change in Rise values from free poly(GC) (3.01Å) to Naphthazarin/poly(GC) 
(7.03Å) and to Quinizarin/poly(GC) (7.02Å), confirms intercalation in both systems. Once bound 
the ligands to poly(GC), h-Twist decreases due to the unwinding induced by the intercalation of 
both ligands. The parameters deduced for free poly(GC) with six base-pairs and ligand/poly(GC) 
are summarized in Table 1. At first sight, due to the similar values of Rise, h-Rise and h-Twist 
parameters, one could conclude that Napthazarin and Quinizarin intercalate into poly(GC) to same 
extent. Although the behaviour of these parameters serve to clarify the ligand/DNA interaction, all 
of them are in fact influenced by the local base-pair and local base-pair step parameters. 
Nonetheless, minor and major groove widths provide full information about the change in the DNA 
elongation. Inspection of the data of Table 1 reveals that the enlargement of the minor and major 
grooves induced by Naphthazarin are greater than for Quinizarin due to the higher intercalation 
degree of N. In addition, the distance between the ligand and the closest base-pair is 3.34Å and 
A B 
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3.19Å for N and Q, respectively, typical values for stacking interactions. These data nicely concur 
with the results obtained from viscosity measurements, that is, larger relative contour length of 
Naphthazarin/DNA compared to Quinizarin/DNA at the same CD/CP ratio (Fig. 4A). 
Table 1 Helical Twist (h-Twist), helical Rise (h-Rise), energy balance (∆E), minor and major groove widths obtained 
for free six base-pair poly(GC) and six base-pair ligand/poly(GC) systems 
 
The energies of the ligand/DNA system have been estimated by applying the energy balance 
between products and reactants (eqn 2). Q/poly(GC) complex (-17.35 kcal/mol), rather than 
N/poly(GC) complex (-λ.63 kcal/mol), have proved to be most stable. The results reflect the larger 
stabilization that the extra ring affords with Quinizarin, enhancing π-stacking stabilization compared 
to Naphthazarin. The lower energy of the Q/DNA system is in good agreement with the binding 
constants obtained from absorbance titrations. In summary, the computational data support: 1) the 
affinity of Q with DNA is higher than the affinity of N, and 2) N induces greater elongation and 
thermal stabilization of DNA.   
3.2. Interaction of the Ru2N and Ru2Q complexes with ctDNA. 
3.2.1.Experimental Study 
Aquation of Cl2Ru2X complexes. Since direct synthesis of the aquo derivatives is kinetically 
unfavoured, we initially studied the aquation of Cl2Ru2N and Cl2Ru2Q complexes. Fig. 6 shows the 
four steps involved in the formation of [(H2O)2Ru2X]2+ from (Cl)2Ru2X dissolved first in DMSO 
and then in water (the chlorido-complexes are soluble in DMSO and insoluble in water).  
 
System h-Twist, Deg h-Rise, Å Minor groove width, Å Major groove width, Å ΔE, kcal/mol 
Free poly(GC)  41.02 3.01 10.6 14.4 - 
N/poly(GC) 34.30 7.03 14.2 21.8 -9.63 
Q/poly(GC) 33.74 7.02 13.3 21.0 -17.35 
15 
 
 
 
 
Fig. 6. Reaction steps for the substitutions of Cl for DMSO and DMSO for H2O for [(DMSO,Cl)Ru2X]+,  
[(DMSO)2Ru2X]2+, [(DMSO, H2O) Ru2X]2+, and [(H2O)2Ru2X]2+ complexes (X = N or Q).   
The substitution of the Cl groups by DMSO groups in Cl2Ru2N and Cl2Ru2Q (Figs. S9A and 
S9B), respectively, takes place by a two-step mechanism, yielding [(DMSO,Cl)Ru2X]+ (governed 
by k1) and  [(DMSO)2Ru2X]2+ (governed by k2). Once the [(DMSO)2Ru2X]2+ derivatives are formed, 
both were diluted in aqueous solvent to observe the aquation processes. The absorbance-time data-
pairs were also fitted by a biexponential equation (Fig. S9C and S9D). yielding 
[(DMSO,H2O)Ru2X]2+ (governed by k1´) and [(H2O)2Ru2X]2+ (governed by k2´).     
Table 2 lists the k1´ and k2´ values, compared with k1 and k2. For the N complex, k1 and k2 
are lower than k1´ and k2´, whereas for the Q complex the opposite is true. Likewise, except k1’ the 
constants are higher for the Ru2Q derivatives. Thus, the third ring is responsible for the more 
favoured substitution of Cl groups by DMSO units, even though it inhibits the substitution of the 
first DMSO by H2O molecule. Given that the diaquo-complexes are water-soluble, these species 
will be employed as reactants to study their interaction with dGMP and ctDNA.  
Table 2 Rate constants k1, k2,  k’1 and k’2 for the formation of [(DMSO,Cl)Ru2X]+, [(DMSO)2Ru2X]2+, [(DMSO, 
H2O)Ru2X]2+ and, [(H2O)2Ru2X]2+ complexes (X = N or Q). From  Cl2Ru2X dissolved in pure DMSO (k1 and k2),  and 
from [(DMSO)2Ru2X]2+ dissolved in water (k1´ and k2´), I = 6.5 mM  (NaClO4). pH = 7 and T = 25 °C. 
 Reactant 102 k1, s-1 104 k2, s-1 102 k1´, s-1 104 k2´, s-1 
Cl2Ru2N 0.080 ± 0.001 2.03 ± 0.20 1.26 ± 0.08 2.29 ± 0.12 
Cl2Ru2Q 2.75 ± 0.06 14.80 ± 1.23  0.31 ± 0.01 2.73 ± 0.05 
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Interaction of dGMP and DNA with Cl2Ru2X complexes. To determine the binding mode of DNA 
with [(H2O)2Ru2X]2+, the interaction of these compounds with the nucleotide dGMP has been tested 
first. The spectral changes and the biexponential kinetic traces for dGMP + [(H2O)2Ru2N]2+ and 
dGMP + [(H2O)2Ru2Q]2+ reactions, respectively, are shown in Figs. S10A and S10B. Table 3 lists 
the k1´´and k2´´ values obtained for both systems; k1´´ is the rate constant for substitution of one 
water molecule by one dGMP unit to form [(H2O,dGMP)Ru2X]2+ complexes, and k2´´ corresponds 
to substitution of a second water molecule by another dGMP unit to give [(dGMP)2Ru2X]2+ 
complexes. The k1´´ constant was always one order higher than k2´´, indicating that substitution of 
the second water molecule by dGMP is affected by the presence of the dGMP unit previously 
introduced. Attempts to conduct 1H-NMR experiments to study [(dGMP)2Ru2X]2+ interactions were 
unsuccessful due to solubility difficulties. 
This trend is also observed with ctDNAs, Figs. S11A and S11B. Hence, [(H2O)2Ru2N]2+ and 
[(H2O)2Ru2Q]2+ can form complexes with ctDNA through a consecutive reaction mechanism similar 
to that with dGMP. One of the Ru(II) atoms of the [(H2O)2Ru2X]2+ complexes binds in a first step 
to one Guanine of ctDNA, yielding the (H2O, DNA1)Ru2X complexes (governed by k3); in a second 
step, the other Ru(II) atom binds to another Guanine, forming the final (DNA1,2)Ru2X complexes 
(governed by k4).  Nonetheless, contrary to the pattern observed for k’’, in which two water 
molecules were substituted by two dGMP units, in the presence of DNA both water molecules are 
replaced by two Guanine moieties of same ctDNA molecule. Hence, DNA1,2 indicates (Ru-N7(G))2 
bonds to consecutive base-pairs of ctDNA. These results are supported by computational 
calculations (see below). It can be observed that k3 is much higher than k4 (Table 3), in agreement 
with hindered  formation of the second Ru(II)-DNA bond. 
 
Table 3 Kinetic constants obtained for the interaction of [(H2O)2Ru2X]2+ with dGMP (k1´´ and k2´´) and with ctDNA 
(k3 and k4). I = 6.5 mM (NaClO4), pH = 7 and T = 25 ⁰C.   
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 k1´´, M-1s-1 k2´´, M-1s-1 
[(H2O)2Ru2N]2+/dGMP 302 ± 20 33.6 ± 2 
[(H2O)2Ru2Q]2+/dGMP 62 ± 4 7.0 ± 0.1 
 k3, M-1s-1 k4, s-1 
[(H2O)2Ru2N]2+/ctDNA 176 ± 24 2.4 ± 0.1 
[(H2O)2Ru2Q]2+/ctDNA 463 ± 62 0.6 ± 0.1 
 
CD spectra for different CD/CP ratios are shown in Fig. 7 for the [(H2O)2Ru2X]2+/ctDNA 
systems. Sample measurements were performed after overnight incubation to form (DNA1,2)Ru2X 
complexes. The CD spectra for (DNA1,2)Ru2N obtained at different  [(H2O)2Ru2N]2+/ctDNA 
(CD/CP) ratio (Fig. 7A) is very different from that for (DNA1,2)Ru2Q under same conditions (Fig. 
7B). These spectra stress the key role of the extra ring of the Q ligand compared with N regarding 
the DNA interaction of their respective complexes. The CD spectra also differ considerably from 
that obtained for the DNA/ligands (Fig. 3), showing the influence of Ru(II) upon DNA interaction 
with both [(H2O)2Ru2X]2+ complexes. For (DNA1,2)Ru2N, the negative band at 246 nm increases 
and the positive band at 277 nm diminishes as the concentration ratio was raised. In addition, new 
positive bands at Ȝ = 320 and 380 nm appears in the range 0 < CD/CP < 0.8. By contrast, addition of 
increasing amounts of [(H2O)2Ru2Q]2+ to ctDNA for the same CD/CP ratio results in the 
hypochromic shift of the bands; two additional negative bands emerge at 301 nm and 440 nm, 
showing once again the effect of the dinuclear Ru(II) complexes ligands.  
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Fig. 7. CD spectra of (A) [(H2O)2Ru2N]2+/ctDNA system, CP = 6.0 × 10-5 M, CD = 1.41×10-3 M and (B) 
[(H2O)2Ru2Q]2+/ctDNA system, CP = 5.88×10-5M and CD = 2.05·× 10-3M. I = 6.5mM (NaClO4), pH = 7 and T = 25°C.  
 
Lastly, the behaviour of viscosity measurements (Fig. 8A) reveal covalent interstrand 
crosslinking (DNA1,2)Ru2X that shortens DNA by a junction binding (Ru-N7(G))2. This effect is 
higher when X is N. Due to the different interaction, the behaviour of these complexes strongly 
differs from that of the ligands (Fig. 4A). In addition, thermal stability of ctDNA in the presence of 
the Ru compounds was studied with DSC in the same way as for Naphthazarin and Quinizarin.  
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Fig. 8. (A) L/L0 versus CD/CP plot for (■) [(H2O)2Ru2N]2+/ctDNA system and (▲) [(H2O)2Ru2Q]2+/ctDNA system, C◦P 
= 2.30×10-4 M and T = 25°C. (B) Tm versus CD/CP plot for [(H2O)2Ru2X]2+/ctDNA systems, (■) [(H2O)2Ru2N]2+/ctDNA 
and (▲) [(H2O)2Ru2Q]2+/ctDNA. CP = 4.04 × 10-4 M. I = 6.5 mM (NaClO4) and pH = 7. 
Fig. 8B shows the variation of melting temperature of ctDNA (Tm) when the CD/CP ratio is 
raised. (DNA1,2)Ru2N induces modest enhancement of Tm (Tm  = 1 C), reaching a plateau for low 
CD/CP ratio, while (DNA1,2)Ru2Q induces a linear increase of 10C up to CD/CP = 0.5.  As an 
example, the DSC curves at CD/CP = 0.1 for [(H2O)2Ru2N]2+/ctDNA and [(H2O)2Ru2Q]2+/ctDNA 
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and for free DNA can be found in the Supporting Information (Fig. S12).  This behaviour differs 
from that obtained for N and Q, although both ligands and complexes induce DNA thermal 
stabilization. The observed increase in Tm is ascribable to intercalation (see Fig. 4B, relative to N 
and Q free ligands) or crosslink interstrand covalent binding. Computational simulations will 
provide evidence for both inter and intrastrand crosslinking between two N7(G) of DNA and 
[(H2O)2Ru2N]2+ or [(H2O)2Ru2Q]2+ to give (DNA1,2)Ru2X.  In these complexes, the N and Q ligands 
are not intercalated into DNA.  
3.2.2. Computational study 
Computational study of the interaction of [(H2O)2Ru2X]2+ complexes was first performed with two 
free Guanines and ssDNA (single strand of two Guanines). Results show that the two Guanine units 
interact with the organometallic complexes by covalent binding, forming [(H2O)2Ru2X]2+/2G. The 
covalent binding of the Ru complexes to Guanine residues is confirmed via N7(G)-Ru bonds (Fig. 
9). Once again, the extra ring of [(H2O)2Ru2Q]2+ plays an important role to differentiate the 
behaviour of the two complexes. Thus, due to the rigidity induced by the three-ring ligand, the 
Guanines remain parallel to each other and orthogonally toward the bridging ligand. By contrast, 
[(H2O)2Ru2N]2+ is flexible and Guanines bend the organometallic complex to give a final structure 
in which Guanines are oriented one to another and interact through H bonding contacts. We then 
optimized [(H2O)2Ru2X]2+/poly(G) systems, Fig. S13. For both complexes, the Ru(II)-N7 bond is 
preferred before other possible coordinating positions on phosphate.  
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Fig. 9. (A) [(H2O)2Ru2N]2+/2G and (B) [(H2O)2Ru2Q]2+/2G DFT-optimized structures. 
 
To determine the preference of these compounds for inter or intrastrand crosslinking, the 
interaction of the Ru complexes were studied with two base-pair poly(GC). The optimized structures 
of the [(H2O)2Ru2N]2+/poly(GC) and [(H2O)2Ru2Q]2+/poly(GC) systems are depicted in Fig. S14A 
and S14B, respectively. The binding of both Ru atoms induce strong variation of the base pair 
conformations (Fig. S15), centering Guanine units to eclipsed position. This modification shows the 
high affininity of the N7 atoms with Ru, significantly distorting the DNA structure. Hydrogen 
bonding interactions between Guanine and Cytosine remain unaltered. For 
[(H2O)2Ru2Q]2+/poly(GC), the overall final structure is similar to that obtained with 
[(H2O)2Ru2N]2+/poly(GC).  
The computational study of [(H2O)2Ru2N]2+ and [(H2O)2Ru2Q]2+ upon DNA interaction was 
also upgraded to six base-pairs poly(GC) polynucleotides. As depicted in Fig. 10, [(H2O)2Ru2N]2+ 
and [(H2O)2Ru2Q]2+ bind to DNA via covalent binding through two N7 atoms of consecutive base-
pairs. In the resulting dye/DNA complex, p-cymene groups of the Ruthenium complexes are located 
close to the backbone of the double helix.  
A B 
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Fig. 10. DFT-optimized structures, for (A) free poly(GC) (B) [(H2O)2Ru2N]2+/poly(GC) and (C) 
[(H2O)2Ru2Q]2+/poly(GC). 
  
These conformations leave the bridging ligands outside and in front of the base-pairs to 
which Ru atoms are bound. Bending of DNA occurs due to the double covalent binding between 
the Ruthenium compounds and DNA; [(H2O)2Ru2N]2+ and [(H2O)2Ru2Q]2+ approach to DNA from 
the major groove side; due to the size of the metal complexes, reorientation of the overall structure 
sets in and DNA major groove increases to let [(H2O)2Ru2N]2+ and [(H2O)2Ru2Q]2+ enter between 
third and fourth base-pairs of the studied polynuleotide. Consequently, minor groove bends 
diminishing its width, as shown in Table 4. Local base-pair step parameters were analyzed for the 
third base-pair, in which Ru compounds are bound with Ru-N7 distances of 2.44 and 2.50Å for 
[(H2O)2Ru2N]2+/ctDNA system, and 2.37 and 2.39Å for [(H2O)2Ru2Q]2+/ctDNA. Tilt parameter 
(base-pairs aperture when fixing yz axis) shows different behaviour for [(H2O)2Ru2N]2+ and 
[(H2O)2Ru2Q]2+. On one hand, [(H2O)2Ru2N]2+ promotes the Tilt inversion compared to free 
poly(GC), leaving third and fourth base-pairs nearly parallel to each other. On the other side, the 
third ring of the bridging ligand in [(H2O)2Ru2Q]2+ increases the Tilt value from 2.17 Å to 2.9 Å 
(Fig. S16). The same pattern was observed for Roll; [(H2O)2Ru2N]2+ decreases the Roll value, 
whereas [(H2O)2Ru2Q]2+ it increases. In addition, covalent binding of [(H2O)2Ru2N]2+ and 
A B C 
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[(H2O)2Ru2Q]2+ promotes helix elongation (h-Rise) and unwinding (h-Twist) of the helix. These 
values are ascribed to the bending of DNA to create a space in which [(H2O)2Ru2X]2+ can 
accommodate. 
Table 4 Selected local base-pair step parameters (Tilt and Roll), local base-pair helical parameters (h-Twist and h-Rise), 
Minor and Major Groove widths, selected for free poly(GC), H2O)2Ru2N/poly(GC) and (H2O)2Ru2Q/poly(GC) systems. 
System Tilt, Deg 
Roll, 
Deg 
h-Twist, 
Deg 
h-Rise, 
Å 
Minor Groove 
width, Å 
Major Groove 
width, Å 
Free poly(GC) 2.17 -7.44 41.42 3.63 11.30 16.60 
[(H2O)2Ru2N]2+ 
/poly(GC) -0.32 -8.47 38.72 4.06 10.80 23.80 
[(H2O)2Ru2Q]2+ 
/poly(GC) 2.97 -3.75 39.86 4.84 11.00 24.50 
 
Regarding poly(G)∙poly(C), the optimized structures for the 
[(H2O)2Ru2X]2+/poly(G)∙poly(C) systems are shown in Fig. S17. [(H2O)2Ru2N]2+ binds to both Ru 
atoms through the Guanine N7 sites. The binding is favoured by the flexibility of the Ru-O-C bonds 
and the reorientation of Guanines pointing to Ru atoms. Morevover, base-pair interactions are kept, 
which contributes to the structure stability. For [(H2O)2Ru2Q]2+/poly(G)∙poly(C) complexes, the 
third ring of the bridging ligand is close to the backbone of the DNA sequence, instead of the base-
pairs, to avoid steric interactions. The schematic representation (Fig. S18) shows that the H bonding 
interaction between Guanines and Cytosines remains unchanged. Due to DNA interaction, the 
planarity of the bridging ligands is lost and the rings tend to stay away from the polynucleotides.  
The DNA base-pair step parameters of free poly(G)∙poly(C) 
[(H2O)2Ru2N]2+/poly(G)∙poly(C) and [(H2O)2Ru2Q]2+/poly(G)∙poly(C) (Fig. S19A) reveal that both 
Ru complexes induce inversion from negative to positive of the base pair shifts on X axis (Shift). 
Slide parameters diminished in the presence of the complexes, leading Guanines to almost overlap 
with Cytosines. The Rise distance is nearly the same in the three cases, discarding DNA elongation. 
The influence of the [(H2O)2Ru2N]2+ and [(H2O)2Ru2Q]2+ binding is noticeable in Tilt, Roll and 
Twist angles (Fig. S19B). Roll parameters undergo inversion, reflecting the orientation of N7 sites 
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toward Ru, creating the covalent bond. That interaction promotes Tilt parameter to increase as a 
result of the G and Ru proximity, diminishing Twist values as well. These results are in good 
agreement with the viscometry measurements previously discussed. The binding energies of 
[(H2O)2Ru2N]2+/poly(G)∙poly(C) and [(H2O)2Ru2Q]2+/poly(G)∙poly(C) are similar to those obtained 
for poly(GC). Since the difference between inter and intrastrand crosslinking is negligible, it is 
reasonable to consider competitive process between intra and inter crosslinking. The stabilization 
induced by [(H2O)2Ru2Q]2+ is greater than that of [(H2O)2Ru2N]2+.  
 
3.3. Cytotoxic Activity  
The cytotoxicity of the ligands and their corresponding Ru(II) complexes was evaluated in tumour 
cells, MCF-7 (human breast cancer), A2780 (human ovarian carcinoma), A2780cis (human ovarian 
cisplatin resistant carcinoma) and in a healthy cell line (MRC-5, human lung fibroblast). The results 
obtained are expressed as IC50, i.e. the concentration of drug required to inhibit 50% cell 
proliferation. The IC50 values, the resitance factors (RF) and selectivity factors are collected in Table 
5. The cytotoxic activity of Cl2Ru2N versus several cancer cell lines has been previously reported 
with poor results, except against Colo320 (IC50 = 12.95 M), A549 (IC50 = 18.05 M)56–58. For 
Cl2Ru2Q, the dinuclear Ru(II) complex is more cytotoxic than the bridging ligand. By contrast, for 
Cl2Ru2N, the cytotoxic activity of the ligand is reduced when bridging between the metal centers. It 
should be noticed  that the Ru(II) complexes exhibit lower resistance factor (RF) than cisplatin and 
the calculated selectivity factors (SF) are comparable to cisplatin. Therefore, Cl2Ru2N is the 
compound that displays the best  results, lowest RF and highest SF values compared to Naphthazarin 
and cisplatin. These results might be explained by the differences in binding mode. Robertazzi and 
Platts59 proved that the binding of cisplatin to DNA ocurrs via intrastrand crosslinking. On the 
contrary, the Ru2Cl2N complexbinds to DNA via interstrand crosslinking, hindering the separation 
of the two strands. Moreover, the presencia of N as bridging ligands confers more flexibility than 
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that induced by Cl2Ru2Q, being a possible explanation for the remarkable difference in cytotoxicity 
between the Ru(II) complexes. 
 
  Table 5 IC50 (ȝM, 96 h, 37 °C)a values for ligands Naphthazarin and Quinizarin and for the binuclear Cl2Ru2N and 
Cl2Ru2Q complexes in the cell lines MCF-7, A2780, A2780cis and MCR-5. 
 
Dye MCF-7 A2780cis A2780 MRC-5 RFc 
SFd 
MCF-7, A2780 
Naphthazarin 1.39 ± 0.05 0.62 ± 0.01 0.15 ± 0.01 0.92 ± 0.01 4.1 0.7, 1.5 
Quinizarin >100 >100 72b ± 9 >100 >100 >100 
Cl2Ru2N 16 ± 1 2.21 ± 0.06 2.54 ± 0.07 14 ± 1 0.9 0.9, 5.5 
Cl2Ru2Q 72b ± 5 21 ± 1 12 ± 1 71b ± 1 1.8 1.0, 6.0 
Cisplatine 18 ± 2 5.06 ± 0.13 0.74 ± 0.01 5.19 ± 0.42 6.8 0.3, 7.0 
 
aIC50 values expressed as mean ± standard deviation from at least three independent experiments, as obtained by the MTT assay using 
96h exposure time at 37 °C. Extrapolated bIC50 value might not be correctly estimated due to lack of maximum inhibitory effect at 
tested concentrations. cRF (resistance factor) = ratio of IC50 for A2780cis/IC50 for A2780; the lower the RF value, the better. 
dSF(selectivity factor) = ratio of IC50 for MRC-5/IC50 for either A2780 or MCF-7. MRC-5 fibroblasts are usually chosen as models 
for healthy cells to evaluate the selectivity of chemotherapeutic drugs. The higher the SF value, the more selective the activity. 
eValues taken from Justin et al.60 
 
4. Conclusions  
The experimental techniques used have shown that Naphthazarin and Quinizarin interact with 
ctDNA in a one-step reaction which, in light of the experiments and DFT calculations, occurs via 
intercalation. The agreement between absorbance titrations and calculated energies suggests higher 
affinity of DNA with Quinizarin than with Naphthazarin. This feature can be explained by the third 
extra ring of Quinizarin, which promotes stronger π-stacking stabilization. Nonetheless, the relation 
between affinity and intercalation degree is not straightforward, as the experimental and 
computational data indicate. From the Rise and Twist parameters, one can deduce that Naphthazarin 
is prone to intercalate into ctDNA to a larger extent than Quinizarin, the extent being related to the 
thermal stability and increase in viscosity rather than the apparent binding constant, Kapp. Interaction 
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of Cl2Ru2X with dGMP and ctDNA proceeds by a more complex mechanism once the 
[(H2O)2Ru2X]2+ complexes are formed; binding to dGMP and ctDNA occurs by a two-step 
mechanism, leading to the covalent [(dGMP)2Ru2X]2+ and (DNA1,2)Ru2X (X = N, Q) complexes, 
respectively. For the Cl2Ru2X/ctDNA systems, viscosity diminished and melting temperature 
increased, indicating that interaction by interstrand crosslinking is feasible. All the experimental 
results were confirmed computationally. The interaction between [(H2O)2Ru2X]2+ complexes and 
DNA are shown to occur via two Ru-N7 bonds of consecutive Guanines, yielding an interstrand 
crosslinking able to bend the double helix and host the entering complexes.  Regarding cytotoxic 
activity, Naphthazarin is most cytotoxic though the least selective compound towards tumour cells, 
whereas quinizarin is not cytotoxic, the extra ring of quinizarin can be related to absence of 
cytotoxicity. On the other hand, the Ru(II) metal centers enhance the cytotoxic activity of 
Quinizarin, while decreasing that of Naphthazarin. In any event, the dinuclear complexes reduce the 
resistance factor and increase the selectivity toward tumour cells of both bridging ligands. It should 
be highlighted that Cl2Ru2N is the most promising compound in terms of cytotoxic activity due to 
its low resistance factor and good selectivity. The obtained cytotoxic results represent an 
improvement of our previous research with Ruthenium complexes,9–13where the activity of a 
Ruthenium dimer was lower than the obtained for the monomer.  
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